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We report the experimental setup of a high power pulsed erbium-doped ﬁber ampliﬁer. An optical signal
at 1550 nm emitted by a distributed feedback laser is ampliﬁed by two identical stages in reﬂective
conﬁguration using one ﬁber Bragg grating at each one of those. We demonstrated that for pulses with a
frequency of 20 kHz and temporal duration of 10, 50, 100, and 500 ns, it is possible to obtain output peak
powers of 41, 22, 18, and 11 W, respectively. We applied our high power ampliﬁer in the characterization
of nonlinear optical transmission of single-wall carbon nanotubes deposited on single mode optical ﬁbers
end-face by the photodeposition technique. Our results show that the high power system is ideal for
carrying out studies of nonlinear effects in optical ﬁbers as well as nonlinear characterization of
nanostructured materials deposited on optical ﬁbers.
& 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
There is a growing demand for pulsed lasers operating in the
infrared region for use in several industrial ﬁelds including high-
speed communications, signal processing and optical metrology.
Currently, the third window of optical communications at
1550 nm has been the best option for simultaneous transmission
over long distances of multiplexed signals. The result is the
development of devices that recover and amplify the signal for
retransmission [1]. Particularly, in this region the erbium-doped
ﬁber ampliﬁers (EDFA) are widely used as a gain medium and have
been in continuous development [2,3].
An optical ampliﬁer whose excited carriers amplify an incident
signal is a device that ampliﬁes an optical signal directly operating
on similar to those the laser, but without feedback. The ampliﬁca-
tion mechanism is made by stimulated emission through pumping
to carry out the population inversion that depends not only on the
frequency of the incident signal, but also on the local beam
intensity at any point of the ampliﬁer.
In the pulsed regime, the extractable energy is strongly limited
by nonlinear effects (specially stimulated Brillouin scattering, SBS)
and unwanted ampliﬁed spontaneous emission (ASE), which lead. Zaca-Morán),
BY-NC-ND license.to fast self-saturation. In such a system, when the ampliﬁer energy
reaches the saturation level the output pulse will be distorted. The
leading edge of the pulse will get a high gain depleting the
population inversion, so the rest of the pulse will decrease
exponentially. Moreover, the build-up of ampliﬁed spontaneous
emission (ASE) between pulses limits the output pulse energy. To
address these issues, a judicious selection of pulse duration (t) and
repetition rate (f) are required.
Bello-Jimenez et al. developed an EDFA with two-stages ampli-
ﬁcation using a single pump for both of them. To reduce the ASE a
Sagnac interferometer was proposed. The experimental results
demonstrated an ampliﬁcation of up to 53 dB with 73 mW of
pump power. However, the disadvantage of this arrangement is
that the output power depends on the polarization in the Sagnac
interferometer. Therefore, the system requires constant adjust-
ments for maximum transmission and as a consequence max-
imum output power [4].
Camas et al. developed a two-stage EDFA. The reﬂective
conﬁguration design of the ﬁrst stage was performed with a Bragg
grating that allows the reﬂection of the signal being ampliﬁed
twice. This stage works as a high gain ampliﬁer and a second stage
as a high power ampliﬁer. The authors reported an ampliﬁed
signal obtaining a maximum peak power of 70 W. The disadvan-
tage of this experimental setup is that the output signal does not
include a ﬁltering system to reduce the ASE levels [5].
On the other hand, the single wall carbon nanotubes (SWCNTs)
have interesting nonlinear optical properties, such as saturable
P. Zaca-Morán et al. / Optics & Laser Technology 52 (2013) 15–2016absorbers, because its absorption peak is in the infrared region,
and because of the dependence between the bandgap with both
morphological, and structural properties [6–10]. In the third
window of optical communications, the SWCNTs have potential
applications, including optical switching, passive mode locking
and noise suppression in transmission systems [11–14].
The nonlinear characterization techniques of those nanostruc-
tures mostly depend on the form that are analyzed: on a substrate,
diluted in a solution, or directly deposited on a ﬁber optic
connector [15,16]. It is noteworthy that the presence of additional
components may increase the level of losses, resulting in an
unsaturated optical absorption, thus decreasing the efﬁciency of
the nonlinear optical element.
Il'ichev et al. performed the nonlinear characterization of
SWCNTs with a pulsed laser of 40 MW cm−2 at 1540 nm. The fact
that the SWCNTs were in a cell with a solution of D2O complicated
the characterization. The nonlinear effects in both the cell and
solution must not be discriminated [13].
Kivistö et al. reported the nonlinear characterization of SWCNTs
deposited on a silver mirror, and a modulation depth lower than
1% was obtained as a result. The characterization was performed
by a source of short pulses with an active media of both erbium
and ytterbium, which implies an expensive system [12].
In this paper, we present the experimental development of a
high power dual-stage ampliﬁer for nonlinear characterization of
SWCNTs photodeposited on optical ﬁber end-face. Each ampliﬁca-
tion stage uses reﬂective Bragg gratings and the input signal is
ampliﬁed four times. Among the advantages of our system are that
in both stages of ampliﬁcation use a semiconductor laser only; the
signal ampliﬁcation is adjustable by means of both the frequency
of the laser signal as well as the temporal output pulse duration.2. High gain laser implementation
In Fig. 1, we present the ﬁrst stage of ampliﬁcation in reﬂective
conﬁguration. This stage consists of a distributed feedback laser
(DFB) at 1550 nm, 10-m-long single-mode Er-doped ﬁber (EDF) as
a gain medium, and a three port optical circulator (OC1), where the
pulsed signal at 1550 nm is input to port 1 and sent to EDF through
port 2. The pumping power is coupled into the EDF by means of
980/1550-nm wavelength division multiplexing (WDM-1) coupler.
Finally, a ﬁber Bragg grating (FBG) with 99% of reﬂection at 1550 nm
is coupled to the WDM-1 as a ﬁlter.
The pulses characteristics from the DFB laser are controlled by
three systems: a temperature controller to stabilize the wave-
length of operation, a current source to adjust the output power
level and, a pulse generator to program both the frequency as well
as the temporal pulses duration. We performed the DFB laser
characterization through the variation of current and temperatureFig. 1. Experimental setup of thdrivers. The current was set from 0 up to 14.5 mA, and the
temperature from 5 up to 35 1C.
Fig. 2 shows the output power of the DFB laser as a function of
the current applied at different temperatures. The laser output
power presents a linear behavior regarding to current applied.
Furthermore, the temperature increase leads to decrease in power
as well as increasing in current threshold.
We measured the emission spectrum of the DFB laser at 25 1C.
The pulse generator was set at 20 kHz with temporal pulses of
50 ns. In Fig. 3, we present the spectrum with a full-width at half-
maximum (FWHM) of 0.2 nm with a center line approximately at
1550 nm.
In Fig. 4, we observe the results of the sensitivity characteriza-
tion of the InGaAs photodetector. The voltage regarding the laser
output power presents a linear behavior. Taking into account the
data distribution and considering that it is possible to extract the
sensitivity from the slope of the voltage vs. output power depen-
dence, the sensitivity is 45.2 mV/mW, approximately.
The experimental conﬁguration of the second stage of ampli-
ﬁcation in the high power ampliﬁer is similar to the ﬁrst stage. The
ampliﬁed signal from the ﬁrst stage output through port 3 of ﬁrst
optical circulator, OC1, is input to the second stage through port
1 of second optical circulator, OC2. The pump source at 980 nm for
active media in both stages of ampliﬁcation is a semiconductor
laser only, which is coupled by means of a 70/30 coupler. Finally, to
adjust the output power from the high power ampliﬁer, port 3 of
OC2 is connected to the setup for output power control. Such
control is performed by an attenuator, as it is shown in Fig. 5.
With the aim to demonstrate an application of high power
ampliﬁcation system developed, we performed the nonlinear
characterization of SWCNTs photodeposited on the optical ﬁber
end-face.
The photodeposition technique has been studied by Ortega-
Mendoza et al. In Fig. 6, we show the experimental setup of
photodeposition technique, which is performed propagating cw
laser radiation at 980 nm throughout an optical ﬁber, and the end-
face of cleaved optical ﬁber is introduced in a solutionwith isopropyl
alcohol, where the SWCNTs have previously been mixed [17].
The output radiation from the optical ﬁber end-face is able to
affect the dynamics of SWCNTs in the solution, such that these are
attracted to regions where the radiation intensity is greater. As a
consequence the SWCNTs are deposited mainly on the core of the
optical ﬁber end-face. In this work, we have used nanotubes
manufactured by catalytic CVD method. Fig. 7 shows the SEM
image of SWCNTs deposited on the optical ﬁber end-face.
We applied the high power ampliﬁcation system to obtain a
high power pulsed laser that allows to achieve the nonlinear
characterization of SWCNTs photodeposited.
As we show in Fig. 8, a 90/10 coupler is fused with the output of
high power ampliﬁcation system. About 90% of radiation intensitye ﬁrst ampliﬁcation stage.
Fig. 2. Output power of the DFB laser versus bias current drive at different
temperatures.
Fig. 3. Emission spectrum of the DFB laser.
Fig. 4. Photodetector sensitivity. Voltage regarding the DFB output power laser.
Fig. 5. Experimental setup of high power erbium-doped ﬁber ampliﬁer.
Fig. 6. Experimental setup for photodeposition process of SWCNTs on the optical
ﬁber end-face.
Fig. 7. SEM image of SWCNTs deposited on the optical ﬁber end-face by photo-
deposition technique.
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end of it. We obtain the nonlinear optical transmission of SWCNTs
by the ratio between the output power and the power that was
measured at the 90% of the coupler prior to fusion.
Fig. 8. Experimental setup for nonlinear characterization of SWCNTs deposited on
the optical ﬁber end-face.
Fig. 9. Output power in function of the temporal pulses duration for the ﬁrst
ampliﬁer stage.
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end-face, and the incident intensity on the sample is varied. The
transmission at the sample can be expressed as a function of the
intensity using the Beer–Lambert law [18]
T ¼ exp½−ðα0 þ βIÞL; ð1Þ
where α0 and β are the lineal and nonlinear absorption coefﬁcient,
respectively, L is the sample length, and I is the intensity. We
considered a saturation model and therefore, we used a hyperbolic
approximation [19]
βðIÞ ¼ β0
1þ I=Isat
; ð2Þ
where Isat the saturation intensity is deﬁned as the intensity when
the transmission has reached 50% of depth of modulation.
By combining Eqs. (1) and (2) we obtained the transmittance
expression as
T ¼ exp − α0 þ
β0I
1þ I=Isat
 
L
 
ð3ÞFig. 10. Output power in function of the temporal pulses duration for the high
power erbium-doped ampliﬁer.3. Results
The characterization of the ﬁrst stage of ampliﬁcation is
performed with the pulse generator of the DFB laser programmed
at 20 kHz of frequency. The temporal output pulses are of 10, 50,
100, and 500 ns with a maximum peak power of 3.4, 1.5, 0.80, and
0.28 W, respectively, as it is shown in Fig. 9. In this ﬁgure, we
observe that the output power is inversely proportional to the
temporal pulse duration, i.e. for shorter pulses the power is
increased. Such behavior allows to have an adjustable output
power through the temporal duration of the pulses.
In Fig. 10, we show the characterization results of the second
stage of ampliﬁcation. In this case, taking into account the
aforementioned temporal pulses, we obtained maximum peak
powers of 41, 22, 18 and 11 W. Therefore, the maximum gain
obtained is 43.10 dB with laser pulses of 10 ns at 20 kHz and
maximum peak power of 41 W. We have observed that at lower
frequency, 1 kHz, and temporal pulse duration of 10 ns, it is
possible to obtain an output peak power greater than 150 W.
Fig. 11(a) shows the high power laser spectrum, the peak
intensity is observed at 1550 nm, approximately. In Fig. 11(b), we
present the output spectrum for each one of the temporal pulses
around the peak intensity at 1550 nm. We observed that as the
temporal pulses duration are reduced, the spectral width is wider,
and such behavior is consistent with the Fourier transform.
In Fig. 12, we present the temporal output pulses of 10, 50, 100,
and 500 ns. We observe that the decay of the pulses is propor-
tional to the pulse duration, i.e. the decay is greater for pulses of
100 and 500 ns in comparison with pulses of 10 and 50 ns. We
consider that such behavior is because the high power ampliﬁer is
working in the saturation region. The pulse intensity is high
enough to induce a high stimulated emission in the ampliﬁer
and consequently, the pumping is no longer able to maintain a
high population inversion.An advantage of using a two-stage ampliﬁer in reﬂective
conﬁguration is that in each stage the signal is ampliﬁed twice.
The Bragg grating placed at the end of each stage has a dual
function. First, it performs a process of signal ﬁltering, and second
it operates in reﬂection mode at a speciﬁed wavelength, which
makes that the selected signal passes a second time through the
active medium, and the signal is ampliﬁed again. Therefore, the
signal is ampliﬁed four times through all the experimental setup.
Moreover, our ampliﬁer uses a single pumping source for two
ampliﬁer stages. This characteristic allows us to consider the high
power optical ﬁber ampliﬁer developed both a simpler and
inexpensive system, in comparison with other ones that have
pump sources for each stage.
To demonstrate an application of the high power ampliﬁer, we
achieved the nonlinear characterization of SWCNTs photodepos-
ited on optical ﬁbers end-face. In this case, it was necessary to take
into account that due to the incident radiation power increases,
the deposited nanotubes can be detached from the optical ﬁber
end-face. In this case, to prevent the SWCNTs detachment, a layer
of nitrocellulose-based lacquer was placed. Therefore, with the
aim of eliminating the possibility that the lacquer can contribute
to the nonlinear effects, the nonlinear characterization was
achieved without SWCNTs deposited on the optical ﬁber end-
face. In Fig. 13, it is observed that the lacquer applied has a linear
Fig. 11. (a) Spectrum of the high power pulse ampliﬁer. (b) Emission spectra of the ampliﬁed pulses of 10, 50, 100, and 500 ns.
Fig. 12. Output pulses of 10, 50, 100, and 500 ns from the high power ampliﬁer.
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from the high-gain ampliﬁer developed.
The nonlinear characterization of SWCNTs deposited on the
optical ﬁber end-face is performed applying intensities of up to
2:4 108 W=cm2 from the high-gain erbium-doped ﬁber ampli-
ﬁer. The results are shown in Fig. 14, the inset presents the
transmission behavior at lower incident intensities, it is observed
that the nonlinear effects of SWCNTs start at 0:5 107 W=cm2,
approximately. Since such input intensity is observed up to 60% of
nonlinear transmission of the SWCNTs, the saturation is obtained
at around 2:4 108 W=cm2 of incident intensity.
The curve ﬁtting in Fig. 14 was obtained using Eq. (3), with
β0 ¼−2:47 10−6 m=W, and χ3img≈4:31 10−14 m2=V2 (≈3:08
10−6 esu). In the inset, for lower intensities, β0 ¼−1:20
10−6 m=W, and χ3img≈2:10 10−14 m2=V2 (≈1:5 10−6 esu). Finally,
based on Fig. 14 we consider the modulation depth of 25%,
approximately.We highlight that the nonlinear characterization of SWCNTs
has been a special case in this work. However, the high power
ampliﬁer applications are not limited to the possibility of accom-
plishing the nonlinear characterization of other nanostructured
materials deposited on the optical ﬁber end-face. It could have
important applications in characterization of nonlinear effects in
optical ﬁbers, such as Raman effect, saturable absorbers, phase
self-modulation, etc.4. Conclusions
In this work, we have presented a high power pulsed erbium-
doped ﬁber ampliﬁer, which consists of two identical ampliﬁcation
stages in reﬂective conﬁguration. Our experimental results show
that using 20 kHz of frequency the output power of the ampliﬁer
can be set to a maximum peak power 41 W, with a gain of 43.1 dB,
Fig. 13. Response to the optical transmittance of lacquer applied on optical ﬁber
end-face.
Fig. 14. Nonlinear characterization of SWCNTs with a thin-ﬁlm of lacquer on optical
ﬁber end-face.
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the frequency is lower than 20 kHz. The advantage of this high
power ampliﬁer is that the output power can be adjusted either by
an attenuator limiting the signal path or through the temporal
pulse duration. Additionally, this system uses a single optical
pumping for both stages of ampliﬁcation. Such characteristics
allow us to consider that the high power ampliﬁer system is
inexpensive, it has a stable output, and it is easy to implement.
The high power ampliﬁer can be applied to carry out the
nonlinear characterization of nanomaterials deposited on optical
ﬁber or nonlinear effects of optical ﬁbers by means of the P-scan
technique. We have demonstrated the nonlinear characterization
of optical properties of SWCNTs deposited on the optical ﬁber end-
face by photodeposition technique. We obtained a modulation
depth of 25%, approximately. To our knowledge, this is the ﬁrst
report of nonlinear characterization of SWCNTs deposited on theoptical ﬁber end-face by using the photodeposition technique.
Based on the nonlinear characterization, we showed an applica-
tion of the high power ampliﬁcation system, and we consider that
it can be very helpful in an important area of scientiﬁc research
and development.Acknowledgements
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